Introduction
Naphthenic acids represent a complex mixture of aliphatic and cycloalkyl acids that are found in crude oils, where their contents and composition depend on the source of the oil. In the process of refining, they are undesirable since their corrosive action can be harmful to the plant equipment [1] . Because of the presence of carboxylic group in the molecule, these compounds are soluble in water, and hence they can act as environmental pollutants, which is especially pronounced in the processing of "oil sands" in Canada [2] . This environmental aspect has prompted investigations of the content of naphthenic acids in fresh water, their effect on the plant and animal life, as well as their decomposition under natural conditions, which has been a subject of several reviews [3, 4] . However, before they became an environmental concern, these compounds were studied as stimulators of plant growth [5] , as their effect is similar to that exhibited by plant hormones of the auxin and giberelline families [6, 7] . The separation of total naphthenic acids into particular narrower fractions showed that their hormonal activity depends on their molecular structure [8] . It has been found that these compounds influence the action of numerous plant enzymes such as enzymes of CO 2 fixation [9] , respiratory enzymes [10] , amylase and hexokinase [11] , glutamic aminotransferase [12] , nitrate reductase [13] , as well as nitrogen metabolism [14] , phosphorus metabolism [15] , and other aspects of plant development [16, 17] .
Studies of our group have shown that these substances influence plant rooting [18] [19] [20] , as well as the accumulation of particular ions in the root and aboveground parts of plants [21] . The aim of the present work was to study the effect of the three low concentrations of potassium naphthenate (K-naph) (0.1, 1 and 10 μM) in two application modes (through the root and through the leaves) on the total antioxidant capacity and particular parameters of the antioxidant status of cucumber plants. Data on the effect of naphthenic acids on the antioxidant status of plants are practically lacking in the literature. To our knowledge, only the effect of methyl esters of particular naphthenic acids as free-radical scavengers in in vitro conditions has been investigated [22, 23] .
Experimental Procedures

Naphthenic acids and potassium naphthenate
Naphthenic acids were extracted from the atmospheric gas oil fraction (distillation interval 168-290ºC) of Vojvodina crude oil "Velebit" and characterized by IR spectroscopy, GC-MS analysis and other physicochemical methods [24] . The measured total acid number of the obtained preparation of purified naphthenic acids was 201 mg g -1 , which indicates a high level of purity, as the theoretical value is 214 mg g -1 . The analysis of low resolution mass spectra showed that the largest portion in the mixture of naphthenic acids is made up by bicyclic carboxylic acids (34.4%), whereas the shares of other classes of acids are: aliphatic 10.4%, monocyclic 15.3%, tricyclic 24.9%, tetracyclic 9.9% and pentacyclic 5.1%. The measured average molecular mass of naphthenic acids was 262 g mol -1 , and this value was used to calculate molar concentrations of the prepared solutions. The 1 mM stock solution of K-naph was prepared by dissolving a necessary amount of purified naphthenic acids in a solution containing an equimolar amount of potassium hydroxide.
Plant material and treatment with potassium naphthenate
For all experiments seeds of the cucumber cultivar "Tajfun" (Institute of Field and Vegetable Crops, NS seme, Novi Sad) were used. Seeds were surface sterilized and germinated in the dark, at 25°C, on sterilized quartz sand and watered daily with demineralised water. Uniform, [25] . The plants were grown in a greenhouse, under a 12-h photoperiod (irradiance of 200-300 μmol quanta m -2 s -1 ), day/night temperatures of 24±2/15±2°C, and a relative humidity of 65-75%. The nutrient solution was changed every third day and the plants were aerated regularly. After 20 days, the plants were treated with K-naph. One group of plants (n=10) was transferred to the nutrient solution containing 0 (control), 0.1, 1 or 10 μM K-naph (root treatment, RT). After 3 days, the nutrient solution was replaced with a new solution of the same composition, and the plants were analysed seven days after the beginning of the treatment. At the same time, another group of plants was treated with potassium salts of naphthenic acids by spraying the leaves with 1 μM KCl (control), 0.1, 1 or 10 μM K-naph (foliar treatment, FT). Spraying was done with 50 ml of each solution in each treatment. After 3 days, the plants were sprayed again in the same way as the first time, and seven days after the beginning of the treatment the plants were analysed. The experiments were done in three replicates and plant material was stored at -70ºC until it was analyzed.
The concentrations of K-naph used in this study (0.1, 1 and 10 μM), were by 10 and 100 times higher compared to the concentration used in our previous studies [18, 20, 21, 26] , but were much lower than the concentrations used in phytotoxicity studies [27, 28] .
Extraction procedures
Plant material (1 g) was extracted with 25 ml 70% aqueous ethanol (0.1 M HCl) under 30 min sonication in an ultrasonic bath at ambient temperature. The extract was rapidly vacuum-filtered through a sintered glass funnel and kept refrigerated. This extract was used for total antioxidant power determination by the Ferric Reducing Antioxidant Power (FRAP) method.
For the determination of lipid peroxidation (LP) and antioxidant enzymes, 1 g of plant material was extracted with 50 ml 0.1 M K 2 HPO 4 (pH 7.0) under 30 min sonication in an ultrasonic bath at ambient temperature. Reduced glutathione (GSH) was extracted with 5% trichloroacetic acid and free proline with 3% sulphosalicylic acid. After 10 minutes of centrifugation at 4ºC and 10,000xg, aliquots of the supernatant were used for enzyme and metabolite determinations as outlined below.
FRAP
Total antioxidant capacity was estimated according to the FRAP assay [29] . The FRAP reagent was prepared by mixing acetate buffer (300 mM pH 3.6), 2, 4, 6-tripyridyl-s-triazine reagent (10 mM in 40 mM HCl) and FeCl 3 •6H 2 0 (20 mM) in the ratio of 3:1:1. A sample of 100 µl was mixed with 3 ml of working FRAP reagent and absorbance (593 nm) was measured 4 minutes after vortexing. The test was performed at 37°C. The FRAP value was calculated using the following formula: FRAP value = ΔAsample (0-4 min)/ΔAstandard (0-4 min)
The 100 μM Fe 2+ solution was used as a standard; 1 FRAP unit = 100 μM Fe
2+
Total antioxidant capacity was expressed in FRAP units.
Lipid peroxidation
Lipid peroxidation was estimated based on the reactivity of thiobarbituric acid. Samples were evaluated for malondialdehyde production using a spectrophotometric assay. The extinction coefficient at 532 nm of 153,000 mol −1 cm −1 for the chromophore was used to calculate the malondialdehyde -like thiobarbituric acid complex produced. The colour intensity of the malondialdehyde -thiobarbituric acid complex in the supernatant was measured by its absorbance at 532 nm [30] .
Antioxidant enzymes
The superoxide dismutase (SOD) activity was assayed according to Giannopolitis and Ries [31] , by measuring the ability of the enzyme extract to inhibit the photochemical reduction of nitro-blue tetrazolium. Glass test tubes containing the mixture were immersed in a bath at 25°C and illuminated with a fluorescent lamp (Philips MLL 5000W). Identical tubes, which were not illuminated, served as blanks. After illumination for 15 min, the absorbance was measured at 560 nm. One unit of SOD was defined as the enzyme activity which inhibited the photoreduction of nitro-blue tetrazolium to blue formazan by 50%, and SOD activity of the extracts was expressed as SOD units per mg of protein.
The guaiacol peroxidase (GPx) activity was measured following the method of Kato and Shimizu [32] . The activity was calculated using the extinction coefficient of 26.6 mM -1 cm -1 at 470 nm for oxidized tetraguiacol polymer. One unit of GPx activity was defined as the calculated consumption of 1 µmol of H 2 O 2 min -1 mg protein -1 . Total catalase (CAT) activity was determined spectrophotometrically by following the decline of A 240 due to the consumption of H 2 O 2 [33] . One unit of CAT activity decomposes one micromole of hydrogen peroxide per minute at 25°C, pH 7.0. The results were expressed per mg protein.
Contents of reduced GSH, proline and soluble proteins
The content of GSH was determined with the Ellman reagent at 412 nm, following the procedure of Punitha and Rajasekaran [34] . The concentration of free proline in the leaves and roots was assessed using Bates' methodology [35] . Soluble proteins were determined by the Bradford method [36] .
Statistics and interpretation of results
Statistical significance was tested using a one-way Anova followed by comparisons of means using Duncan's multiple range test (P<0.05). Correlation analysis and Anova were done using the statistical software Statistica version 10, Statsoft. Because of the great differences in the absolute values of the particular investigated parameters and for the sake of their mutual comparison, the results were expressed as the percentage of the control.
Results
None of the two treatments influenced the plant growth, i.e. no significant changes of dry mass were observed between samples (data not shown). There were also no pronounced phenotypic differences between samples -control and treated plants looked similar, although based on the subjective evaluation, the treated plants looked more luxuriant.
In the organs that were directly exposed, a decrease in FRAP was observed, which was accompanied by an increase in LP (Figure 1 ). The responses in the organs that were not directly exposed to the treatment were observed as an increase in FRAP at the lowest concentration of K-naph (0.1 μM), followed by its decrease at higher concentrations, by about 40% compared to the control. On the other hand, an overall systemic decrease in LP was observed, and this was more pronounced for leaves (by about 40%) than for roots (by about 20%) (Figure 1) .
The connectedness between the changes of FRAP and LP is seen from the high value of the coefficient of correlation between these two quantities for root in the RT, which is -0.9601 (P<0.05), whereas for the leaves in FT it is -0.7261 (P<0.05). The similarity of the responses in the organs that were not directly exposed to the treatment is seen from the coefficients of correlation between the changes in FRAP and LP with the concentration of K-naph, i.e. in the leaves in RT and in the root in FT, which are 0.9811 (P<0.05) and 0.8478 (P<0.05), respectively.
In the FT, a significant increase in the activity was observed for all three measured antioxidant enzymes in the leaves at the highest concentration of K-naph. The changes in the activity of GPx in the root are similar to those in the leaves, whereas the activities of SOD and CAT show a decrease with increased concentrations of K-naph (Figure 2) .
In the organs that were not directly exposed to the treatment, the responses were quite similar with a decrease in the activity of CAT and an increase in the activity of SOD. As for GPx, a mild decrease in the leaves and a mild increase in the root are observed, and the highest concentration of K-naph caused an abrupt increase in the activity of this enzyme (by about 2.5 times) in both organs (Figure 2) . The similarity of the responses in the organs that were not directly exposed to the treatment is indicated by the coefficients of correlation for the dependence of the changes in the activities of SOD, GPx and CAT on the concentration of K-naph in the two types of treatment, with respective values of 0.8562 (P<0.05), 0.9755 (P<0.05), and 0.6768 (P<0.05).
Concerning the content of free proline in dependence of the concentration of K-naph, a complex pattern of change was observed in both the roots and leaves in the RT with a significant decrease at the lowest and intermediate concentrations of K-naph. In the FT, a significant decrease of proline in the root was observed at the lowest and intermediate concentrations of K-naph, whereas the content in the leaves directly exposed to treatment showed an abrupt increase at the intermediate K-naph concentration (Figure 3) . A significant increase in the content of glutathione was observed only in the leaves in both FT and RT, but the increase was significantly more pronounced when the leaves were directly exposed to the treatment (Figure 3 ).
Discussion
The obtained results can be discussed from two different angles. The first is looking at the effect of different concentrations of K-naph on the antioxidant and stress parameters in the cucumber plants, while the second one is a comparison of local versus systemic responses of the treatment.
Although the scavenging activity of naphthenic acid esters has been demonstrated in in vitro conditions [22, 23] , the obtained results show that K-naph in the applied concentrations does not stimulate total antioxidant Taking into account the changes in the contents of proline and GSH as indicators for plant stress [37, 38] it can be thought that the applied treatments with K-naph induced a mild abiotic stress to the cucumber plants.
As a consequence of increased environmental pollution, plants are very often exposed to chemicals that are unknown to the plant species, so called xenobiotics. These chemicals, as stress factors, can induce damage to some molecules, mostly caused by oxidation, such as membrane lipids, photosynthetic pigments, proteins or DNA [39] . In view of these findings, the observed increase of the lipid peroxidation in the organs directly exposed to K-naph ( Figure 1, A and D) , shows that K-naph can act as a xenobiotic.
Very frequently, only one part of the plant is directly exposed to the action of a stress factor. In these cases, in order to retain their integrity and homeostasis, the plants react to the stressor both locally and systemically, most likely through phloem-or xylem-mobile signalling molecules [40] [41] [42] . Long-distance signalling in plants can be established by the transport of molecules such as hormones, proteins, and RNA molecules. These signals are then most likely perceived by receptors and transmitted to the nucleus, where transcription factor complexes induce characteristic changes in gene expression [43] . It might be speculated that in the present experiment the treatment with K-naph produced signalling molecules locally, which were then transported systemically to induce very similar responses in those distal organs (Figure 1, B and C) .
Conclusions
The antioxidant system of cucumber is sensitive to the application of K-naph since the parameters of its antioxidative status change already at a very low concentration of this agent.
The experimental design involving foliar and root treatments of cucumber plants with different concentrations of K-naph resulted in responses (FRAP, LP, and antioxidative enzymes) that depended on the mode of application. In any given treatment, the responses differed between local and systemic organs. Concerning FRAP and LP, the organs that were directly exposed to increasing K-naph concentrations responded in a similar way in both treatments. The systemic responses in distal organs were also similar irrespective of the mode of application.
